Objective: The aim of this in vitro study was to determine the load and deflection at failure of different lingual retainers bonded with composite to enamel in a standardized three-point bending test. The results were rationalized with finite element analysis (FEA) models. Materials and methods: Four types of multistranded wires, Dead Soft Respond, Twisted ligature, Penta-One, Gold-plated Penta-One, and two glass fibre-reinforced composite retainers, Fibre 07 and Fibre 09, were bonded to enamel with composite and submitted to a three-point bending test. The load and deflection at failure and the mode of debonding were recorded. The stiffness of the wires was determined and all experimental data were used in FEA models to rationalize the observed values and mode of debonding. Results: Significant higher load and deflection were found for the most flexible retainers Twisted ligature and Dead Soft Respond. All retainers failed between the wire and composite, which was confirmed by FEA showing the highest stress in the composite around the retainer. The FEA models showed that the amount of composite used for bonding the retainers should be 2-4 mm. Conclusions: Based on the in vitro results, optimal bonding of lingual retainers can be achieved by flexible retainers, bonded with intrinsically strong composites. According to the FEA models the retainer should be bonded with 2-4 mm composite, leaving the critical 'free-wire' length for the success of the retainer system.
Introduction
To stabilize orthodontic teeth position and prevent relapse, orthodontic retention wires are used. These retention wires are made from metal alloys, e.g. stainless steel, gold-plated stainless steel, or glass or polyethylene fibre-reinforced composite (FRC). Although retainers are frequently used, there are limited in vitro and clinical studies available regarding the influence of type of wire, the bonding system, and composite used. Multistranded stainless steel wires are the most frequently used wires for long-term orthodontic retention. A recent clinical study found no statistical difference between the percentages of failures of multistranded stainless steel wire and polyethylene ribbon-reinforced resin composite retainers over a year period (1) . This is in contrast with previous studies where multistranded stainless steel wires were more reliable than polyethylene ribbonreinforced composite (2) and glass fibre-reinforced retainers (3).
Tacken et al. demonstrated significantly lower success rates (49 versus 88 per cent) of glass fibre-reinforced retainers after 2 years in a multi-centre study. The low success rate of the fibre-reinforced retainer was attributed to its low flexibility, unfavourable loading, and difficult handling properties during placement. Furthermore, glass fibre-reinforced formulation, retainer thickness, and number of overlapping teeth have significant effect on the success rate (4) . In the latter study, the bond failures were between the enamel-adhesive or adhesive-FRC interface. Littlewood et al. (5) concluded in a systematic review that there is currently insufficient evidence on which to base the clinical practice of orthodontic retention.
For the successful clinical application of a retainer system, the force applied to the retainer must not exceed the yield strength of the retainer material itself, the composite should not cohesively fail, and the bond strength between the composite and the tooth should be high enough to withstand the induced stresses. Most of the in vitro studies pay attention to the bond strength, which was investigated in a 'two-teeth-wire' (6, 7) or in a 'cantilever' (8, 9) set-up. Most of the research is focused on the bond strength of the wires to the teeth, while clinically the low flexibility of the fibre-reinforced retainer seems to be of importance (3) . Furthermore, the amount of composite that should ideally bond the retainer to the enamel has to our knowledge, not been proposed.
Therefore, we have investigated the load to failure of flexible (Dead Soft Respond/Twisted ligature) and relatively stiff (PentaOne/Gold-plated Penta-One) metal retainers and compared these to even stiffer FRC retainers (Fibre 07/Fibre 09). The load and the deflection at failure were measured in a standardized three-point bending set-up (see Figure 1) . The null hypothesis was that there is no significant difference in the load to failure and deflection among these groups. Furthermore, the obtained results were rationalized by analyzing them with different finite element analysis (FEA) models. For these computations we introduce the concept of 'free wire', as the portion of the retainer not covered with composite and we presume that it will critically influence the deflection of the retainer, determining its success.
Materials and methods
Ten specimens of each of the six retainers were tested in a standardized three-point bending set-up as shown in Figure 1 . The wires were bonded to three 6-mm round enamel discs which had been cut from the vestibular surfaces of bovine incisors (10) and ground to 2-mm thickness with wet silicon carbide papers up to 1200 grit. Metal rings were used to provide rigid support for two of the three enamel discs. The metal rings had an internal diameter of 5.3 mm and the outside diameter of 20 mm. The distance between the central and the lateral discs was 6.5 (SD = 0.4) mm. The metal rings were silanized and the dentine sides of the two discs to be bonded to the metal were treated with 35 per cent phosphoric acid (Ultra-Etch; Ultradent Products Inc., South Jordan, Utah, USA) and water sprayed for 30 seconds each. Clearfil SA primer, Clearfil Photo Bond (Kuraray Medical Inc., Okayama, Japan) and dual cure composite Duolink (Bisco Inc., Schaumburg, Illinois, USA) were used to bond the discs to the metal. The enamel sides of all three discs were treated with Ultra-Etch for 45 seconds and light cure adhesive primer (Transbond XT, 3M Unitek, Monrovia, California, USA). Light cure retainer composite (LCR; Reliance Orthodontic Products Inc., Itasca, Illinois, USA) was used to connect the retainers to the discs. In order to produce uniformly shaped bond sites and to stabilize the central disc and the retainer during the bonding procedure, a transparent silicone mold (Memosil; Heraeus Kulzer GmbH, Hanau, Germany) was used during light curing. The retainer was covered with approximately 1 mm of composite (11) . The specimens were stored in water at 37°C for 48 hours prior to testing.
The retainer's characteristics and composition are shown in Table 1 . The composition of the wires was evaluated by Scanning Electron Microscopy-Energy Dispersive X-ray spectrometry (SEM-EDAX, model XL20; FEI Company, Eindhoven, The Netherlands).
Load at failure determination
The specimens, with the retainer side down and the metal ring up, were positioned on a steel block. The load at failure was determined by using an universal testing machine (Instron 6022, High Wycombe, Bucks, UK). The load was applied through the hole of the metal ring at a rate of 1 mm•min −1 with a stainless steel shaft with a diameter of 5.0 mm ( Figure 1 ). The load and deflection at failure were recorded. The mode of failure was evaluated with stereomicroscopy (Olympus, Tokyo, Japan) at ×25 magnification using the adhesive remnant index (ARI) scores, which has been developed for bracketed wires (12) and adapted to retaining wires (9) with the following failure types: 1. failure between tooth and composite (adhesive failure); 2. failure between retainer and composite (cohesive failure); 3. compound failure, i.e. combined failure type 1 and 2.
A FEA of the experimental design, as shown in Figure 2 , was used to evaluate the obtained values of load and deflection at failure. Since the elastic properties of the retainers were not available in the literature they were determined by using the universal testing machine. It was assumed that the properties of the retainer could be simulated as a single stranded wire with anisotropic behaviour, i.e. different characteristics in the length direction (X axis) and perpendicular to the length (Y, Z axis) of the retainer. The elastic properties in the X direction were determined in a tensile test and, for the Y and Z direction a three-point bending test was used. The Young's modulus of the wires in the length direction was calculated with the obtained stress and strain in the tensile test. The tensile test was performed with 135-or 40-mm long wires for the metal and the FRC, respectively. The Young's modulus in the direction perpendicular to the length were determined using a three-point bending test. The elasticity of the retainer could then be calculated with the following formula (13) :
where, E is the Young's modulus, F/D is the applied force divided by the deflection, r diameter of the wire, and L the distance between the support rollers, which was 20 mm. The diameter of the wire and the diameter of the FRC bundle were determined with the use of Scanning Electron Microscopy (SEM; model XL20, FEI Company). The finite element modelling was carried out using FEMAP software (FEMAP 10.1.1; Siemens PLM software, Plano, Texas, USA), while the analysis was done with NX Nastran software (NX Nastran; Siemens PLM Software). A deflection of 0.5 mm was given to the lower surface of the middle enamel disc. The nodes in the lower surface of the metal ring were fixed (no movement allowed in any direction). The material properties are summarized in Table 2 . The solid maximum principal stresses were calculated to establish the maximum tensile stresses caused by the deflections, and the solid × normal stresses to establish the shear stresses in the interface between the composite and the enamel. The FEA models were made with the dimensions of the set-up used in the in vitro study. Models were calculated with different amounts of composite used to bond the retainer to the enamel, with composite buds of 6, 4, and 2 mm, respectively. 
Statistical analysis
One-way analysis of variance (ANOVA) and Tukey post-hoc tests were used to assess the differences of the load and deflection at failure values with the different retainers as variable. The ARI scores were compared with Kruskal-Wallis one-way ANOVA. Significance for all statistical tests was predetermined at P < 0.05. Figure 3 shows the stress-strain curve during loading in the standardized three-point bending set-up with a Penta-One wire. This is a typical stress-strain curve of this set-up: in the first part of the curve obeying a normal elastic behaviour (0.0-0.9 mm), followed by a plastic region (0.9-1.1 mm). In the plastic region partial debonding of the composite on the wire is observed, followed by total failure of the system within the composite on the wire or between the composite and the enamel. The load at failure was the highest value observed in the stress-strain curve and the deflection at failure is the point of total failure. The load at failure, the deflection at failure, and the ARI score for each retainer tested are summarized in Table 3 , together with the statistical analysis. One-way ANOVA showed significant differences for the load at failure (F = 5.1; P = 0.001) and deflection at failure (F = 24.0; P < 0.001). The highest load at failure was observed for the most flexible wires, e.g. the Twisted Ligature and Dead Soft Respond. The deflection at failure of the latter two wires was also significantly higher than that of the other four retainers. All retainers showed a cohesive type of failure, i.e. failure between the wire and the composite, and there were no significant differences for the ARI scores. Furthermore, there was no event of wire fracture.
Results
The deflection and failure behaviour of each pair, Penta-One/ Gold-plated Penta-One, Fibre 07/Fibre 09, and Dead Soft Respond/ Twisted ligature, respectively, were very similar. Therefore, the finite element modelling was only carried out for Penta-One, Fibre 07, and Dead Soft Respond. For the finite element modelling the elastic properties of these retainers were determined and are summarized in Table 2 . Different finite element models, by varying the amount of 'free wire' between two composite buds which fixed the retainer to the enamel were analyzed. Varying the composite buds from 6 mm to 4 mm and 2 mm, the amount of 'free wire' varied from 0.5 mm to 2.5 mm and 4.5 mm. A typical example of the stresses in the model system are shown in Figure 2 . This figure shows the tensile stresses (solid maximum principal stresses) for Dead Soft Respond with 4 mm composite and 2.5 mm of 'free wire' with a deflection of the lower surface of the middle enamel disc of 0.5 mm. The highest tensile stresses in the composite are observed in the bonding layer under the retainer at the lateral discs and above the retainer on the central disc, where the free wire leaves the composite bud. Table 4 summarizes the maximum shear stress (solid × normal stress) in the composite layer in the enamel/composite interface, the bond strength, the maximum principal stresses, and the ultimate strength of the composite and the retainer, for a 'free wire' length of 2.5 mm and a deflection of 0.5 mm. Figure 4 shows the tensile stresses in the composite (top) and the shear stresses in the enamel-composite interface (solid × normal stress) (bottom) depending on the amount of 'free-wire' for the retainers Dead Soft, Penta One, and Fibre 07. For the understanding of where the system fails, the bond strength between enamel and composite and strength of composite itself were added in the Table 4 and the Figure 4 . The tensile strength of a normal composite is 140 MPa and of a flowable composite is 100 MPa (14, 15) . The bond strength for a two-or three-step etch and rinse adhesive system to enamel is approximately 40 MPa (16).
Discussion
The null hypothesis was that there is no significant difference in the load to failure and deflection among flexible (Dead Soft Respond/ Twisted ligature) and relatively stiff (Penta-One/Gold-plated PentaOne) metal retainers compared to stiffer FRC retainers (Fibre 07/ Fibre 09). The null hypothesis was rejected because there were significant differences for both the load to failure and deflection at failure. Both the load to failure and deflection at failure of the most flexible systems (Dead Soft Respond and Twisted ligature) were significantly higher. For the load to failure most of the values were somewhat comparable, but for the deflection the differences were much bigger. For the clinical implication, the deflection of the retainer is the most important parameter because it should be able to stabilize teeth while responding to functional load and accompany physiologic teeth movement. In the clinical situation the teeth have limited movement which is, under normal circumstances, presumably less than 0.6 mm, the lowest value of deflection at failure in this study. This implies that retainers do not fail due to direct overload, but most likely due to fatigue mechanisms. Nevertheless, it is interesting to observe that the in vivo and in vitro results correspond, i.e. the retainers with the lowest deflection at failure, i.e. the FRC wires, perform clinically significantly less favourably than the metal wires (3). The mode of failure was in general a cohesive failure type, i.e. failure in the retainer-composite interface. This is in accordance with the results from other authors using different testing methods for multistranded wires, making the composite the weakest point in the retainer system (4, 6, 8, 11, 17) .
In order to rationalize the obtained results, different finite element models were made. The data for the 2.5 mm 'free wire', which is comparable with the in vitro set-up conditions, are summarized in Table 4 and graphically depicted in Figures 2 and 4 . The results of the metal wires show that, most probably, the composite around the wires fails due to high local stress in the composite bud, at the points where the free wire leaves it. In the composite wire region the tensile stress in the composite exceeds the ultimate tensile strength of the composite itself. This is also visible in the stress-strain curve (see Figure 3) where partial debonding is observed. Furthermore, the shear stress at the interface between the composite and the enamel is below the bond strength of composite to enamel, showing that this bond is not the weakest link in the system.
Since the strength of the composite is the weakest link, the use of flowable composites for retainer bonding is questionable. Flowable composites have an average tensile strength of 90-100 MPa, where normal composite has a higher strength, in the range of 110-140 MPa. It is therefore recommendable to use a high strength composite with good application properties to bond the retainers.
According to the FEA models, the greatest influence on the stress in the retainer system is the length of 'free wire' rather than the material of the retainer. The length of 'free wire' appeared to be the most critical factor for the success of the retainer system. If relatively small composite buds are used, both the maximum tensile stress around the wire and the stress at the composite-enamel interface are reduced. In contrast if the whole tooth is covered mesio-distally with composite, with the idea that extra composite will improve the bonding of the wire, the local stresses will increase dramatically and debonding will occur at lower deflections, i.e. induced by slight movements of the teeth. According to our results, for optimal clinical bonding the composite bud should be between 4 and 2 mm. We recognize that in the clinical situation this is not always practicable. Yet, caution should be exercised when placing a retainer: composite should not totally cover the mesio-distal width of the tooth.
In sum, this in vitro study, supported by FEA, showed that the flexible retainers Dead Soft Respond and Twisted ligature perform better in bond strength and deflection compared to the relatively stiff multistranded wires, Penta-One/Gold-plated Penta-One, and glass FRC retainers, Fibre 07/Fibre 09. The FEA models showed that for optimal bonding of the retainer the composite applied to bond the retainer to the teeth should be 2-4 mm, leaving the critical 'free-wire' length for the success of the retainer system.
